Humans successfully encode a large number of new faces throughout their lifespan. However, with advancing age, older adults frequently complain about their difficulties in daily life when it comes to reliably recognizing unfamiliar faces (for a review, see Chaby & Narme, 2009 ) and memorizing proper names (e.g., James, 2004) . Behavioral studies of aging in the past two decades have established that there is an age-related decline in face recognition (Bäckman, 1991; Bartlett, Leslie, Tubbs, & Fulton, 1989) , with subtle alterations in the recognition of facial identity from the age of 50 years (Chaby, George, Renault, & Fiori, 2003; Chaby, Jemel, George, Renault, & Fiori, 2001; Nakamura et al., 2001) , and increased difficulties after 70 (e.g., Crook & Larrabee, 1992) .
These findings are generally attributed to neurological factors, such as the disproportionate effects of aging on frontal lobe structures (Decarli et al., 2005; Pfefferbaum, Adalsteinsson, & Sullivan, 2005) . More specifically, several age-related modifications in functional brain organization underlying face recognition have been described, including greater activation of left prefrontal regions during face recognition (Grady, Bernstein, Beig, & Siegenthaler, 2002) , reduction of hemispheric asymmetry associated with additional brain region recruitment (Chaby et al., 2003; Gao et al., 2009) , and alteration in white-matter connectivity in the right inferior fronto-occipital fasciculus (Thomas et al., 2008) .
At the behavioral level, several explanations have been formulated to explain age-related decline in recognition memory for faces. First, some researchers have proposed that there is a response bias, governed by the frontal lobes, which results in an increase in false alarms in response to unfamiliar faces (Crook & Larrabee, 1992; Searcy, Bartlett, Memon, & Swanson, 2001 ; but see also Huh, Kramer, Gazzaley, & Delis, 2006) . A second hypothesis presumes the existence of an own-age face recognition bias across the lifespan. Thus, individuals may acquire expertise and demonstrate superior recognition for faces from their own age group. Although there is some evidence supporting this proposi-tion (Bäckman, 1991; Perfect & Harris, 2003) , an own-age bias has not been consistently observed, particularly in the elderly (Bartlett & Fulton, 1991; Lamont, Stewart-Williams, & Podd, 2005; Wiese, Schweinberger, & Hansen, 2008) . Other explanations have been essentially based on memory mechanisms and have included factors such as confusion errors due to the increased number of faces that are memorized with increasing age (Chaby et al., 2001) , deficits in correctly matching test faces with representations stored in memory (Bartlett et al., 1989) or difficulties recollecting contextual information (Memon & Bartlett, 2002; Searcy, Bartlett, & Memon, 1999) .
The decline in face recognition performance with advancing age may not be solely related to responses biases and/or memory functioning. First, studies that specifically investigated the influence of memory load on age-related decline in face recognition have yielded inconclusive results (e.g., Lamont et al., 2005) . Second, perceptual mechanisms such as reduced contrast sensitivity in older adults have been proposed to contribute to this decline (Lott, Haegerstrom-Portnoy, & Schneck, 2005; Rizzo, Corbett, Thompson, & Damasio, 1986) . Furthermore, it has been suggested that age-related differences in face recognition may be related to changes in visual scanning behavior (Firestone, Turk-Browne, & Ryan, 2007) . Thus, older and younger adults may differ in the extent to which facial features are viewed and encoded. This suggests that older adults' problems with unfamiliar face recognition may be partly related to changes in the face-encoding process.
The process of encoding faces, which is necessary to face individuation, is known to rely critically on the processing of configural information. This can be observed with different paradigms that prevent participants from extracting configural information (for a review, see Maurer, Le Grand, & Mondloch, 2002) . Configural information refers to the spatial relations between facial components, including both first-order relations (i.e., the overall organization of facial features with the two eyes above the nose, which itself is above the mouth) and second-order relations (i.e., the distances between features, such as interocular distance, eyes-to-mouth distance, etc.). It also refers to holistic information or the gestalt formed by faces. Here we investigate possible changes in the encoding of different types of configural information with aging.
A key manipulation for the study of configural processing consists in turning the faces upside-down, which dramatically impairs their recognition (Yin, 1969 ; for a recent review, see Rossion, 2008) . This "face inversion effect" (FIE) has been replicated in various studies and is considered to be a hallmark of the human perceptual expertise acquired for face processing over years of exposure (Passarotti, Smith, DeLano, & Huang, 2007) . It is generally agreed that the disruption of configural processing is at the basis of the FIE (for reviews, see Maurer et al., 2002; Rossion, 2008) . Inversion changes the way faces are processed, impeding configural face encoding and consequently recognition (Freire, Lee, & Symons, 2000; George, Jemel, Fiori, Chaby, & Renault, 2005; Jacques, d'Arripe, & Rossion, 2007) . Several carefully controlled studies have shown that the FIE is largely attributable to a disruption in second-order relations processing (for a critical review see Rossion, 2008) . However, inversion is not a fully precise way for the study of this kind of processing since it does also interfere with the processing of first-order face configuration, holistic information and featural information (for a review see Maurer et al., 2002) .
Another way to study configural processing more specifically is to displace facial features slightly along either the vertical or the horizontal dimension and to ask the participants to discriminate the modified faces from the original ones. This manipulation is of particular interest since it selectively affects second-order relations, and it allows for the separate manipulation of vertical and horizontal relations. The perception of vertical and horizontal relations has recently been proposed to involve different neural processes and to contribute differentially to face individuation, with greater contribution of vertical relations to face configural encoding (Goffaux, Rossion, Sorger, Schiltz, & Goebel, 2009) . Consequently, the encoding of second-order spatial relations is unequally influenced by inversion: whereas inversion affects the encoding of vertical relations, it minimally impacts that of horizontal relations. Thus, the FIE is markedly reduced when the faces to be recognized vary along the horizontal axis only (principally inter-eye distance), at least in young adults (Barton, Keenan, & Bass, 2001; Goffaux & Rossion, 2007) .
In the current experiment, we aimed at exploring the changes in face configural processing with age using both face inversion and horizontal versus vertical feature displacement. It is unknown to what extent configural processing may undergo changes with age, and more precisely whether the processing of different configural information may be differentially affected by aging. Evidence for an age effect on face encoding processes comes from a previous ERP study (Chaby et al., 2003) . However, this effect was not specifically related to configural information processing. To the best of our knowledge, only one study (Boutet & Faubert, 2006) has investigated the question of the changes of face configural processing in aging. It used the face inversion effect and the face composite effect (whereby the upper and lower halves from two different faces are more difficult to recognize when they are horizontally aligned than when they are misaligned). These authors argued that configural and holistic processing are preserved in older compared to young adults. However, the older participants of this study showed increased difficulty in recognizing upright faces and an alteration of the composite effect such that the classical decline in performance for composite face recognition was not observed. Interestingly, some of the inconsistencies in the results obtained by that study may be related to uncontrolled manipulations of the vertical and horizontal relations between facial features.
Here, we used a "same"/"different" discrimination task with intact faces and faces modified along either the vertical or the horizontal axis which were presented upright or upside-down. Our aim was to investigate the FIE together with the encoding of vertical versus horizontal second-order relations in young and older adults. On one hand, since older adults complain about difficulties in recognizing faces, it may be expected that they show some deficit in the use of configural information during face encoding and recognition. On the other hand, these changes in configural processing with aging may not affect similarly the encoding of vertical and horizontal relations. Indeed, since vertical and horizontal relations contribute differentially to face configural encoding and to face individuation, they may be differently altered in aging. In particular, we assumed that there may be a selective pressure on the encoding of vertical relations as they seem 2 particularly important for face encoding and individuation. This may result in relative preservation of the processing of vertical relations with aging, as compared to horizontal relations. Thus, in order to disentangle the FIE from effects specifically related to the encoding of vertical or horizontal relations, we first analyzed the recognition of upright and inverted intact faces ("same" responses), as indicative of the "classical" FIE. Secondly, we examined the detection of vertically and horizontally modified faces in upright and inverted orientation, reflecting the encoding of vertical and horizontal relations and its sensitivity to inversion. We made several predictions. First, we expected a reduced FIE in older compared to younger adults for intact faces. Indeed the recognition of intact faces may involve a combination of vertical and horizontal relations as well as of holistic and featural processing, and some of this processing is likely to be affected in aging as well as to interfere with inversion. Second, with regard to the manipulation of vertical and horizontal relations, we expected to replicate the finding of greater FIE for vertical than horizontal relations in young adults and to find greater changes with age in the detection of horizontally compared to vertically modified faces.
Method Participants
The participants were 33 young adults (YAs: 17 females, M age ϭ 21.3 years, SD ϭ 1.7, age range ϭ 19 -25) and 33 older adults (OAs: 17 females, M age ϭ 69.9 years, SD ϭ 7.2, age range ϭ 60 -80). The younger adults were recruited from the student population of Rene Descartes University and were given course credit for their participation. The older participants were recruited from the community and all lived independently. The older group was screened for global cognitive functioning using the Mini Mental State Examination (MMSE; Folstein, Folstein, & McHugh, 1975) and for the presence of depression symptoms using the Geriatric Depression Scale (GDS; Yesavage & Brink, 1983) . A score below 28/30 for the MMSE and lower than or equal to 10/30 for the GDS was an exclusion criterion. All subjects were right-handed according to the Dellatolas Handedness Questionnaire (Dellatolas et al., 1988) and had normal or corrected-tonormal vision. None of the participants reported neurological or psychiatric disorders or were receiving central-acting medication. Written informed consent was obtained from all participants prior to the experiment.
Materials
The original face stimuli consisted of eight photographs of faces (four young and four old faces, with two males and two females in each age set) taken from the lifespan face database (Minear & Park, 2004) . All faces were in full frontal view and portrayed people posing with a neutral expression (wearing no glasses, jewelry, or makeup). They were edited using Adobe Photoshop CS 8.0 software. Each photograph was cropped so that only the face (and not the shoulders or clothing) was visible. All stimuli were converted to gray-scale with a black background, equalized for global luminance, and a Gaussian blur was applied to make the skin look smooth and facilitate feature displacement (see Figure 1) .
The spatial relations between the features of these original faces were then manipulated to generate the modified stimulus set. Each original face was modified in four ways (referred to as "twins") by moving the eyes and/or the mouth along the vertical or the horizontal axis. Modifications along the vertical axis consisted in changing the eyes-mouth distance by Ϯ 12 pixels (i.e., moving either the eyes up and the mouth down or the eyes down and the mouth up, by 6 pixels each). Modifications along the horizontal axis consisted in moving the eyes 12 pixels (3.2 mm) apart or closer to each other relative to the original. Thus, the amount of feature displacement was equal in the vertically and horizontally modified faces (see Figure 1) . The moderate magnitude of these changes made the faces look natural according to anthropomorphic norms and covered most of natural variations among adult Caucasian faces (Farkas, 1994) , while still being accurately detectable (between 75% and 95% of the time) by young adults in a pre-test. Figure 1 . Example of the various types of faces presented upright (a) and inverted (b). A sample original face is presented in the leftmost column. In the vertically modified versions of the face, the eye-mouth distance was changed by moving the eyes and the mouth 12 pixels closer together or farther apart (i.e., 6-pixel displacement for each feature). In the horizontally modified versions of the face, interocular distance was changed by moving the eyes 12 pixels closer together or farther apart (i.e., 6-pixel displacement for each eye). Photographs adapted from "A lifespan database of adult facial stimuli" by M. Minear and D. C. Park, 2004, Behavior Research Methods, Instruments, and Computers, 36, 630 - 
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Every original face underwent the modification procedure. Thus, there were 40 different stimuli: eight original faces and 32 (8 * 4) modified faces. Inverted faces were vertically flipped versions of these stimuli. All stimuli were framed within an area of 500 ϫ 500 pixels (12.9 cm ϫ 13.5 cm), corresponding to a visual angle of approximately 9°ϫ 10°at a viewing distance of 80 cm.
Procedure
The experimental protocol was created with E-Prime 1.1 (Psychology Software Tools, Inc., Pittsburgh, PA). Participants were tested individually in a single session that lasted approximately 45 minutes. Each trial started with the presentation of a fixation cross for 500 ms. This was followed by the first (target) stimulus, which was always an original face, presented for 2000 ms. Then, after an interstimulus interval of 500 ms, the second face was displayed for 2000 ms. This probe stimulus could be either the same original face as the target face or one of the four modified versions of that face. Participants had to decide whether the target and probe stimuli were the "same" or "different" faces by pressing one of two buttons placed under their left and right thumbs respectively. The association between the "same"/"different" response and the left/ right thumb was reversed for half participants. The response buttons were connected to the parallel port of the computer. Subjects were informed of the subtlety of the changes that they had to detect; they were told that the "probe and target faces [were] like twins," but no further information was given about the nature of the differences between the faces. There was an intertrial interval of 1500 ms.
Upright and upside-down versions of the stimuli were presented in two separate blocks. Thus, in each block, there were 32 "same" trials (eight original faces * four repetitions) and 32 "different" trials (eight original faces * four modifications). The order of the two blocks was counterbalanced across participants and the order of trials was randomized across each block. Resting pauses were provided every 10 trials. Eight additional practice trials were given prior to each block.
Data Analysis
Participants' accuracy (percentage of correct responses, % CR) and corresponding response times (RT) were computed for original and modified upright and inverted faces. The data were screened for outliers (RT below 200 ms or above 3000 ms), and none were found. These data were first entered into an overall analysis of variance (ANOVA) with Age group (YAs/OAs) as between-subjects factor, and Orientation (upright/inverted) and Face type (original/modified) as within-subjects factors. Then, the response accuracy and RT were analyzed separately for original and modified faces, in order first to evaluate the FIE for the recognition of the original faces ("same" responses) and second to examine the detection of vertical versus horizontal modifications ("different" responses) in upright and inverted faces. All values are expressed as means Ϯ standard error of the means (SEM). In addition to F and p values, the partial eta-squared ( p 2 ) representing the portion of explained variance in the data are reported for each effect. Partial eta-squared provides a measure of effect size with small, medium, and large effects corresponding to p 2 of .01, .06, and .14, respectively (see Cohen, 1988) .
Results
As a preliminary analysis, data were examined globally to compare the overall performance and RTs of young and older adults. Older participants (OAs) had poorer overall performance and slower RT than young participants respectively, 60.9 Ϯ 2.8% versus 74.4 Ϯ 1. 0%, F(1, 64) . This suggested that the FIE differed for the recognition of original faces ("same" trials) and the detection of vertically and horizontally modified faces ("different" trials). Thus, we first analyzed the recognition of upright and inverted original faces ("same" responses) and then turned to the analysis of the vertically and horizontally modified face conditions ("different" responses). Although the three-way interaction between Orientation, Face type and Age did not reach significance (F Ͻ 1, p 2 ϭ .001), Age was retained in these analyses as a main factor of interest, following our working hypotheses.
For the recognition of original probe faces, a 2 (Age group: YAs, OAs) ϫ 2 (Orientation: upright, inverted faces) ANOVA with Age group as the only between-subjects factor was conducted on accuracy and RTs (Figure 2) We now turn to the analysis of vertically and horizontally modified probe face conditions ( Figure 3 and Table 1 ). We conducted a 2 (Age group: YAs, OAs) ϫ 2 (Orientation: upright, upside-down) ϫ 2 (Modification type: vertical, horizontal) 4 CHABY, NARME, AND GEORGE ANOVA, with age as the only between-subjects factor, on the mean accuracy and mean RT data. Overall, as previously noted, the OAs performed less accurately and more slowly than the YAs [respectively, 58. . This interaction reinforced the view of a differential change in the processing of vertical versus horizontal relations in aging. Indeed, it indicated that when considering upright and inverted vertically and horizontally modified faces separately, the only RT effect that approached significance in the older group was the faster detection of vertically than horizontally modified upright faces [F(1, 64) ϭ 3.2, p ϭ .07, p 2 ϭ .10; see Table 1 ]. By contrast, there was no such trend in YAs (F Ͻ 1, p 2 Ͻ .01) and the only RT effect that was significant in the young group was the inversion effect for vertically modified faces [F(1, 64) ϭ 24.33, p Ͻ .001, p 2 ϭ .42; Figure 3 and Table 1 ).
Discussion
Although several studies have shown a decrease in face recognition abilities associated in aging, the processes involved in this decline remain unclear. The aim of the present study was to investigate whether age differences in face recognition may be related to changes in configural face processing. To assess different aspects of configural processing in young and older participants, we conducted a same/different discrimination task with intact faces and faces modified along the vertical or horizontal axis that were presented either upright or inverted.
Our data show a reduced "face inversion effect" (FIE) for the older participants. This was particularly evident on the recognition of original faces where young participants show the classical FIE (with lower accuracy and slower reaction times for inverted than upright faces) while older participants do not demonstrate the classical FIE. This result is consistent with a recent ERP study conducted by Gao and colleagues (2009) who found a reduced inversion effect on the N170 evoked by faces in old (ϳ70 years) compared to young participants. The FIE is classically explained by a disruption of the capacity to process configural information when viewing inverted faces (for a review, see Rossion, 2008) . This is emphasized by the lack of FIE in prosopagnosic patients who are known to process faces analytically (Barton, 2009; De Gelder & Rouw, 2000; Ramon & Rossion, 2010) , as well as by the weak FIE described in children, for whom face processing relies more on featural information (Mondloch, Leis, & Maurer, 2006; Pellicano, Rhodes, & Peters, 2006) . Taken together, these results suggest that the decline in face recognition in elderly subjects could be at least partly attributable to changes in the configural processing of faces. However, the recognition accuracy for intact faces may have been the result of different types of processes, including both horizontal and vertical configural relations encoding, as well as holistic, featural and first-order configural processes. By contrast, the modified faces and associated FIE allowed us examining the processing of vertical and horizontal relations separately. In this respect, it is important to note that the mean performance of the older adults was similar for original faces and vertically modified faces (respectively 63.2 Ϯ 1.6% and 62.4 Ϯ 3.1%), yet the inversion effect was significant for the vertically modified faces only. Furthermore there was not any inversion effect for horizontally modified faces in either young or older adults when the performance level for these faces was clearly different between the two groups (81.7 Ϯ 2.8% in YAs versus 54.5 Ϯ 3.1% in OAs). Overall, these results emphasize that the lack of FIE was not an all-or-nothing phenomenon, as there was a dissociation between the FIE for original faces and the FIE for vertically and horizontally modified faces.
More precisely, our specific manipulation of second-order vertical and horizontal relations revealed a differential pattern of age-related impairment for horizontal versus vertical relations, together with a qualitatively preserved pattern of FIE for verticalbut not horizontal-relations. First, older participants were preserved at detecting changes of vertical distance between features (Figure 3 ). This contrasted with young observers' performance who efficiently detected changes in horizontal as well as vertical relations. The differential impact of aging on the encoding of horizontal versus vertical relations is consistent with studies of saccadic eye movements that suggested that aging slows down the latency of horizontal saccades but does not affect vertical ones (Yang & Kapoula, 2008; Yang et al., 2006) . Moreover, eye-tracking studies using face stimuli have shown that elderly subjects tend to focus their gaze on the mouth area, whereas young adults focus attention onto the eyes (Firestone et al., 2007; Wong, Cronin-Golomb, & Neargarder, 2005) . A bias toward exploring the inferior region of faces could explain the disruption in the detection of horizontal modifications which concerned the eye region. It is also noteworthy that horizontal and vertical relations are not held to play equivalent roles in face individuation ). According to these authors, vertical relations are critical to the recognition of a person's identity because they are more easily available than horizontal relations, which cannot be extracted from frequently encountered three-quarter or side views of faces. Thus, there could be greater pressure to encode vertical relations, and this may explain why the processing of vertical, as opposed to horizontal, relations is better preserved with age. This relative preservation could account for the spared ability to identify familiar faces in older subjects. In addition, our results showed an asymmetrical detrimental effect of face inversion upon the processing of vertical and horizontal second-order information, with a significant FIE for the vertically modified faces only. This result is in line with the idea of a greater contribution of vertical than horizontal relations to face configural encoding and replicated previous findings obtained in young adults (Barton et al., 2001; Goffaux, 2009; Goffaux et al., 2009 ; see also Freire et al., 2000) . It extended these findings to older adults in whom the asymmetrical pattern of inversion for vertical versus horizontal relations was also observed. This result reinforces the idea of a preservation of the encoding of vertical relations in older adults.
Our findings may shed light on some discrepancies observed in previous studies. In particular, Boutet and Faubert (2006) found preserved FIE in older subjects and concluded that structural encoding of faces was spared despite the lower performance of these subjects (compared to young adults) in recognizing upright faces added to a lack of the composite face effect (also known to be related to configural face processing). The discrepancy between Boutet and Faubert's results regarding FIE and ours may first be attributable to differences in experimental design. Boutet and Faubert used a two-alternative forced choice recognition task, where the target face was presented together with a new face on each test trial. This may have favored familiarity-based responses. In addition, as can be seen by comparing overall performances in their study and ours, it constituted an easier task than the current same/different discrimination task, which included a working memory component (see below). Second, Boutet and Faubert used only "original" faces meaning that the target and new faces were always the faces of different individuals. Our results show that some aspect of configural processing, namely vertical relation processing, is relatively preserved with aging. Boutet and Faubert's (2006) study and test faces included uncontrolled differences in this type of second-order relations, in addition to possible featural differences, which may account for the preserved FIE that they found in older participants. Note that featural processing was not assessed either here or in Boutet and Faubert (2006) , and was beyond the scope of the present work. In addition, it is interesting to note that the lack of composite effect in Boutet and Faubert (2006) seemed to be due to the older adults' poor performance for the noncomposite (misaligned) faces, in which vertical-but not horizontal-relations are greatly affected. Thus, the relative sparing of vertical relations processing in the older subjects may have been of no help for noncomposite face recognition, whereas the detrimental encoding of horizontal relations may have contributed to the difficulty of the older subjects in the recognition of the noncomposite faces.
Finally, our task did not require long-term memorization of the target faces. Thus, our results are not ascribable to a long-term memory stage of face processing. However, given the delay of 500 ms between the study (target face) and recognition (probe face) phases, working memory was involved. Although age-related changes are less pronounced when only short-term storage is required (e.g., Gregoire & Van der Linden, 1997) , there is some evidence that working memory declines during normal aging (e.g., Schmiedek, Li, & Lindenberger, 2009; Bopp & Verhaeghen, 2009) . Thus, our results may be related to encoding and/or working memory of configural information. Furthermore, working memory changes may have contributed to the overall decrease of performance observed in older compared to young adults. However, it cannot account for the selective impairment of horizontal relations processing together with the sparing of the detection of vertically modified faces in older compared to young participants. Similarly, task difficulty and the somewhat unnatural nature of the face stimuli used (i.e. artificially distorted gray-scale photographs) may have contributed to the overall lower performance of the older participants. Yet, their performance was well above chance, except for horizontally modified faces. In sum, these limits of our study cannot account for the dissociation that we show between the encoding and/or working memory for second-order horizontal versus vertical relations. Thus, our separate manipulation of vertical and horizontal relations in combination with face inversion allowed us better specifying the aspects of configural, second-order relation processing that are affected by aging.
To the best of our knowledge, this study provides the first evidence that aging can have dissociable effects on configural face-encoding processes. We show changes in the encoding of second-order relations that affected vertical and horizontal relation processing differentially. Namely, there was a selective preservation of the encoding of vertical relations, whereas, by contrast, the processing of horizontal relations was weak in older participants. Future research will have to determine whether these changes in configural processing may be accompanied by a greater reliance on featural processing, which was not assessed in the present study. In conclusion, our results provide a better understanding of the changes in configural face-encoding processes during aging that might explain the limited impact of these changes on the daily life of older adults.
AGING AND CONFIGURAL FACE PROCESSING

